The type 1 polyaxonal (PA1) cell is a distinct type of axon-bearing amacrine cell whose soma commonly occupies an interstitial position in the inner plexiform layer; the proximal branches of the sparse dendritic tree produce 1-4 axon-like processes, which form an extensive axonal arbor that is concentric with the smaller dendritic tree (Dacey, 1989; Famiglietti, 1992a,b). In this study, intracellular injections of Neurobiotin have revealed the complete dendritic and axonal morphology of the PA1 cells in the rabbit retina, as well as labeling the local array of PA1 cells through homologous tracer coupling. The dendritic-field area of the PA1 cells increased from a minimum of 0.15 mm 2 (0.44-mm equivalent diameter) on the visual streak to a maximum of 0.67 mm 2 (0.92-mm diameter) in the far periphery; the axonal-field area also showed a 3-fold variation across the retina, ranging from 3.1 mm 2 (2.0-mm diameter) to 10.2 mm 2 (3.6-mm diameter). The increase in dendritic-and axonal-field size was accompanied by a reduction in cell density, from 60 cells0mm 2 in the visual streak to 20 cells0mm 2 in the far periphery, so that the PA1 cells showed a 12 times overlap of their dendritic fields across the retina and a 200-300 times overlap of their axonal fields. Consequently, the axonal plexus was much denser than the dendritic plexus, with each square millimeter of retina containing ;100 mm of dendrites and ;1000 mm of axonal processes. The strong homologous tracer coupling revealed that ;45% of the PA1 somata were located in the inner nuclear layer, ;50% in the inner plexiform layer, and ;5% in the ganglion cell layer. In addition, the Neurobiotin-injected PA1 cells sometimes showed clear heterologous tracer coupling to a regular array of small ganglion cells, which were present at half the density of the PA1 cells. The PA1 cells were also shown to contain elevated levels of g-aminobutyric acid (GABA), like other axon-bearing amacrine cells.
Introduction
It has become clear over the last 15 years that retinal amacrine cells include many types of axon-bearing cells present at very low density (reviewed by Vaney, 2003) . The best characterized of these are the well-known dopaminergic amacrine cells (Dacey, 1990) , which have been the subject of intensive study in many vertebrates, including the rabbit (Häggendal & Malmfors, 1965; Ehinger, 1966; Brecha et al., 1984; Tauchi et al., 1990; Famiglietti, 1992c; Vaney, 2004) . However, another type of axon-bearing amacrine cell promises to become the model of choice for studying such cells because the interstitial location of their somata in the inner plexiform layer means that they can be preferentially targeted for recording and dye injection. These cells have been the subject of detailed structural and functional studies in both the macaque retina (Dacey, 1989; Stafford & Dacey, 1997) and the rabbit retina (Famiglietti, 1992a,b; Völgyi et al., 2001) . They have variously been called interstitial amacrine cells (Vaney, 1992 (Vaney, , 1994a , type 1 polyaxonal cells (Famiglietti, 1992a,b) , type I polyaxonal cells (Völgyi et al., 2001 ), A1 cells (Stafford & Dacey, 1997) , or simply axon-bearing amacrine cells (Dacey, 1989) . In this paper, we use Famiglietti's term of type 1 polyaxonal (PA1) cells to minimize confusion in the literature.
The morphology of the PA1 cells has been studied by Golgi staining (Famiglietti, 1992a,b) , horseradish-peroxidase injection (Dacey, 1989) , and Neurobiotin injection (Vaney, 1992; Stafford & Dacey, 1997; Völgyi et al., 2001) . PA1 cells injected with Neurobiotin show strong homologous tracer coupling to neighboring cells of the same type, like many other types of amacrine cells (Vaney, 1991) . In this study, we have used Neurobiotin injections both to reveal the complete dendritic and axonal morphology of PA1 cells in the rabbit retina and to quantify the changes in morphology and distribution of these cells with retinal eccentricity. Parts of this study have been reported in thesis form (Wright, 1998) .
Materials and methods
Most of the methods used in this study are identical to those used to characterize the DAPI-3 amacrine cells in the rabbit retina (Wright et al., 1997) , including the methods for killing and enucleating the rabbits, for preparing the superfused whole-mount preparation (Vaney, 1984) , for injecting the cells with the Neurobiotin TM (Vaney, 1991; Hampson et al., 1992) , for photochromically intensifying the diaminobenzidine (DAB) reaction product (Vaney, 1992) , and for double-label immunofluorescence. Experiments were performed on 11 retinas taken from adult pigmented laboratory rabbits, which were obtained from the University of Queensland Central Animal house, in accord with the Australian code of practice for the care and use of animals for scientific purposes.
In brief, the isolated retinal pieces were mounted photoreceptorside down on black filter paper (Millipore, AABG02500) and superfused with carbogenated Ames medium (Sigma, St. Louis, MO), containing 2.0 g0l of NaHCO 3 (pH 7.4 at room temperature). The retina was vitally labeled with acridine orange, which produces a Nissl-like staining in the perinuclear cytoplasm, highlighting both the ganglion cells and those amacrine cells with large somata (Dacey, 1989) . About 0.2 ml of 0.01% acridine orange was added to the superfusate just prior to cell injection and then reapplied at intervals of ;30 min. The tip of the injection micropipettes was filled with 1% Lucifer yellow (Sigma, St. Louis, MO) and 4% N-(2-aminoethyl)-biotinamide hydrochloride (Neurobiotin TM ; Vector Laboratories, Burlingame, CA) in 0.1 M Tris buffer, pH 7.6. Neurobiotin was iontophoresed with ϩ1 nA current for 60-90 s and the cells were then left to equilibrate in Ames medium for 30-120 min, before fixation in 4% paraformaldehyde in 0.1 M phosphate buffer for 40-60 min.
All findings are based on direct observation of the Neurobiotinfilled cells with a Zeiss Axioskop microscope (Jera, Germany), often with high-power oil-immersion objectives. The cells were traced directly under the drawing tube of the microscope, usually with a 16ϫ immersion objective but using high-power objectives to resolve ambiguous branch points and follow distal processes. Although most of the PA1 cells are essentially unistratified, the photographic documentation of the Neurobiotin-filled cells posed special problems, given that the axon-like processes were less than 1 mm wide but extended for greater than 1 mm. The retinal flatmount preparations were photographed with an Insight monochrome digital camera (1600 ϫ 1200 pixel resolution; Diagnostic Instruments, Sterling Heights, MI), usually under a 16ϫ immersion objective (Zeiss Plan-Neofluar, NA 0.5) but sometimes under a 10ϫ objective (Zeiss Fluar, NA 0.5).
The images were collected using the Spot imaging software (Diagnostics Instruments), usually applying the "background subtract" filter to cancel-out unevenness in both the microscope illumination and the background staining of the flatmount. An unwanted artifact of this process is the light halo seen in some of the micrographs around the somata and thick dendrites, equivalent to that seen with strong use of the "unsharp mask" filter in digital processing. Most of the low-power micrographs in this paper are montages of two or three digital micrographs, which were aligned in Adobe Photoshop and then intensity adjusted for a seamless appearance. To maximize the resolution of the fine processes, the intensity, contrast, and gamma of the combined image were adjusted and an "unsharp mask" filter was then applied. The resultant digital image was subjectively similar to the real image viewed through the microscope eyepieces. In some cases, a stack of two or more images taken at different focal depths was collapsed in Photoshop by placing each image in a different layer and applying the "darken" mode, which corresponds to a minimum intensity Z-projection of the image stack.
Results

Interstitial amacrine cells
Although the vital dye, acridine orange, labeled all retinal cells in vitro, the large somata of ganglion cells and axon-bearing amacrine cells were particularly well stained by this method, producing a fluorescent Nissl-like staining in the extensive cytoplasm (Dacey, 1989; Vaney, 2004) . Focusing through acridine-stained rabbit retina revealed a sparse population of somata occupying an interstitial position in the inner plexiform layer, between the large somata in the ganglion cell layer and the smaller somata in the inner nuclear layer (not illustrated).
The intracellular injection of interstitial somata with Lucifer yellow or Neurobiotin revealed that they largely comprised just a few types of amacrine cells. With practice, one could correlate a specific dendritic morphology with somal characteristics such as size, shape, brightness, and nuclear-staining pattern, making it possible to target particular cell types with a high success rate. Cells with large, round, or slightly oval somata of 12-15 mm diameter usually had the distinctive morphology of the interstitial PA1 cells characterized from Golgi-stained rabbit retina (Famiglietti, 1992a,b) . Two other types of amacrine cells frequently occupied an interstitial position: large fusiform somata usually had the morphology of long-range amacrine cells Vaney, 2004) , whereas smaller somata with prominent DAPIlabeled nucleoli usually had the morphology of dorsally directed amacrine cells (Famiglietti, 1989; Wright, 1998) . Intracellular injection of interstitial somata occasionally revealed other types of wide-field amacrine cells, AII amacrine cells, and displaced ganglion cells, none of which normally appeared to occupy an interstitial position.
The receptive-field properties of the interstitial amacrine cells were not examined in the bleached retinal preparations, but intracellular recordings through the injection pipettes revealed that the PA1 cells, like other axon-bearing amacrine cells, produced prominent action potentials that were comparable to those recorded from ganglion cells in the same preparations.
Dendritic and axonal morphology
The complete morphology of the PA1 amacrine cells was revealed by the intracellular injection of Neurobiotin, followed by visualization using a modified avidin-biotin peroxidase complex (ABC) procedure and then photochromic intensification of the DAB reaction product (Vaney, 1992) . The Neurobiotin-injected cells gave rise to distinct dendritic and axon-like processes and this dual morphology corresponded to that previously described from Golgistained preparations of the rabbit retina (Famiglietti, 1992a,b) . Fig. 1 shows a Neurobiotin-injected PA1 cell in peripheral rabbit retina, which was targeted on the basis of the interstitial position of its acridine-stained soma. The soma gave rise to three primary dendrites, one of which was quite thick and branched within 10 mm of the soma. The relatively coarse dendrites, which stratified in the middle of the inner plexiform layer, branched sparsely, producing daughter dendrites that became finer with each branch and with distance from the soma. The ten dendritic terminals were located 250-500 mm from the soma and some showed the zig-zag morphology that is a distinctive 146
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feature of the PA1 cells. Spines, 1-3 mm in length, were present along the length of dendrites but were more concentrated in the proximal dendritic tree. In addition, two axon-like processes arose from proximal dendrites, within 20 mm of the soma, and costratified with the dendritic tree. Unlike the tapering dendrites, the fine beaded axons maintained a uniform caliber throughout the axonal arbor, regardless of the branching pattern. Whereas the dendrites of this cell occupied a field of ;800 mm diameter, the axons occupied a field of over 3-mm diameter. The Neurobiotin was readily transported along the axons, revealing that their arbors are both more complex and more extensive than seen in Golgi-stained preparations, as shown for a different PA1 cell in Fig. 2 . Although the axons often branched at large angles, with one daughter branch continuing along the original course of its parent, such axon-like behavior was also shown by some dendritic branches proximal to the soma (Fig. 3) . The axons adopted a relatively straight course through the retina, gently curving to change direction; they were never seen to leave the inner plexiform layer and there was no evidence that the PA1 cells are a type of ganglion cell with intraretinal axons.
Each PA1 cell produced 1-4 axon-like processes, which usually arose from a proximal dendrite and rarely from the soma itself. In some cases, the primary process appeared axon-like soon after its origin while, in other cases, the primary process was somewhat thicker and gave off two or more thin branches, which may have been counted as separate axons in previous studies (Famiglietti, 1992a,b) . There was frequent crossing of processes, both within an axonal arbor and between arbors of the same cell. Consequently, the axonal arbors overlapped extensively with no obvious compartmentalization, producing an axonal field that was largely concentric with the dendritic field. In the central retina, however, the axonal arbor of PA1 cells showed pronounced horizontal elongation, in line with the visual streak; this contrasted with the more symmetrical dendritic tree, which was similar in appearance to the larger dendritic trees in peripheral retina (Fig. 4) .
Although there appeared to be no spatial interaction between the axonal arbors of a single PA1 cell, they indirectly influenced each other's growth and branching in that, regardless of the 
number of axons, each PA1 cell produced a similar number of axon terminations (mean ϭ 37). Thus the three PA1 cells reconstructed in Fig. 5 , which gave rise to one, two, or three axons, produced 43, 42, and 38 axon terminations, respectively. PA1 cells with one axonal arbor exhibited seven orders of branching, on average, whereas PA1 cells with three axonal arbors exhibited five orders of branching.
Homologous and heterologous tracer coupling
The PA1 cells consistently showed strong tracer coupling to ;60 surrounding cells following a standard Neurobiotin-injection protocol (ϩ1 nA for 90 s). Although the tracer-coupled somata were located in the inner nuclear, inner plexiform, and ganglion cell layers, photochromic intensification revealed that these strongly coupled cells had the same morphology and stratification level as the injected PA1 cell, irrespective of somal position. A quantitative analysis of nine tracer-coupled arrays in peripheral retina revealed that ;45% of the PA1 somata were located in the inner nuclear layer, ;50% in the inner plexiform layer, and ;5% in the ganglion cell layer (Fig. 5C ). It was clear that the displaced PA1 cells in the ganglion cell layer were too sparse and irregularly distributed to form a separate population. Moreover, although the interstitial PA1 cells predominated in peripheral retina, they were relatively infrequent in the visual streak, thus providing additional evidence that they did not form a distinct cell type. Thus, the interstitial PA1 cells represent an arbitrary subset of all PA1 cells. Several lines of evidence indicated that the homologous coupling between PA1 cells was mediated by gap-junctional contacts between the dendrites rather than the axons. First, although the axons were finer and extended further than the dendrites, they were often more intensely labeled, suggesting that the Neurobiotin had diffused out of the dendrites but had remained sequestered in the axons. Second, in one preparation, a small retinal tear near an injected soma resulted in an area distal to the tear that was devoid of labeled dendrites, but contained labeled axons that coursed into the area from around the ends of the tear; no tracer coupling was apparent in the dendrite-free area, indicating that the axons were not coupled directly (not illustrated). Third, the tips of dendrites were often seen terminating on the dendritic shafts of tracercoupled PA1 cells, as shown for the field of nine tracer-coupled PA1 cells reconstructed in Fig. 5D . Such tip-to-shaft contacts have been found in many instances where retinal neurons are homologously coupled, including bipolar cells (Umino et al., 1994) , ganglion cells (Vaney, 1994b) , and other types of amacrine cells (Negishi & Teranishi, 1990; Goddard et al., 1991; Wright & Vaney, 1999; Vaney, 2004) .
There was clear evidence that some of the Neurobiotin-injected PA1 cells in both central and peripheral retina were also coupled heterologously to a type of retinal ganglion cell. These cells showed moderate tracer coupling to a regular array of mediumsized somata located in the ganglion cell layer, although the heterologous coupling was weaker than the homologous coupling shown by PA1 cells in the same field (Fig. 6A) . The ganglion cell identity of the heterologously coupled cells was confirmed in the best coupled preparations, where each soma in the array was seen to project a very thin axon into the nerve fiber layer, in the direction of the myelinated band (Fig. 6B) . The same preparations also revealed that the coupled ganglion cells produced very thin dendrites, which costratified with the PA1 cells in the middle of the inner plexiform layer (Fig. 6C) . The density of the tracer-coupled ganglion cells was about half that of the overlapping PA1 cells, with the illustrated field containing 13 ganglion cells0mm 2 and 28 PA1 cells0mm 2 . It is not known why some PA1 cells showed moderate or weak tracer coupling to ganglion cells and others did not, but the heterologous coupling was not dependent on whether the soma was positioned in the inner nuclear or inner plexiform layer, nor on whether the cell was situated in the visual streak or peripheral retina. Moreover, the concentration of Neurobiotin in the PA1 cell was not the critical factor, as many PA1 cells with darkly stained dendrites did not show heterologous tracer coupling. The ganglion cells did not appear to contact the injected soma or the micropipette track, ruling out accidental labeling by the injection micropipette. The tracer-coupled ganglion cells could not be confused with the displaced PA1 cells and were not included in the following quantitative analyses of somatic distribution and cell density.
Topographic variation in size and density
The strong homologous tracer coupling shown by the PA1 cells enabled a quantitative analysis of the topographic variation in the size and density of PA1 cells across the rabbit retina. The data set included the dendritic-and axonal-field areas of 20 PA1 cells from seven retinas, plus the dendritic-field areas of another nine PA1 cells whose axonal arbors could not be reconstructed completely. Most data were obtained from PA1 cells in the inferior retina because it was difficult to target the PA1 cells amongst the large number of interstitial somata in the superior retina. The dendriticand axonal-field areas were measured by drawing convex polygons around the dendritic and axonal terminals, respectively.
The PA1 cells showed a 3-fold variation in cell density across the rabbit retina, ranging from ;60 cells0mm 2 on the visual streak to ;20 cells0mm 2 in the far periphery (Fig. 7A) . Correspondingly, the dendritic-field area of the PA1 cells increased with retinal eccentricity, ranging from a minimum of 0.15 mm 2 (0.44-mm equivalent diameter) on the visual streak to a maximum of 0.67 mm 2 (0.92-mm diameter) in the far periphery, although there was considerable variability in dendritic-field size at each eccentricity (Fig. 7B) . The combined axonal arbors also showed an overall increase in size with retinal eccentricity but they exhibited even greater variability than the dendritic trees; the smallest axonal arbor of 3.1 mm 2 (2.0-mm diameter) was located 1 mm from the visual streak and the largest axonal arbor of 10.2 mm 2 (3.6-mm diameter) was located 10 mm inferior (Fig. 7C) .
The dendritic-field overlap is obtained by multiplying the dendritic-field area by the PA1 cell density, and a trade-off in the two parameters with eccentricity resulted in each point on the retina being overlapped by the dendritic fields of ;12 PA1 cells (Fig. 7D ). This comparatively high overlap produced fairly uniform dendritic coverage of the retina despite the irregular distribution of PA1 somata. Moreover, the PA1 dendrites did not run together but tended to occupy gaps in the dendritic trees of overlapping PA1 cells. Inspection of the field of tracer-coupled cells reconstructed in Fig. 4D shows that no point on the retina lies more than ;20 mm from a PA1 dendrite and, consequently, the PA1 cells probably lie within reach of every bipolar cell that terminates in the middle of the inner plexiform layer. 
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The axonal-field overlap is obtained by multiplying the axonalfield area by the PA1 cell density and it was ;20 times greater than the dendritic-field overlap, averaging 200-300 across the retina. There was a corresponding difference in the densities of the dendritic plexus and the axonal plexus, which were calculated for three PA1 cells at a range of eccentricities. The first cell at 0.5-mm eccentricity (56 cells0mm 2 ) had 2.4 mm of dendrites and 24 mm of axons, producing a dendritic plexus of 134 mm0mm 2 and an axonal plexus of 1344 mm0mm
2 . The second cell at 3.6-mm eccentricity (28 cells0mm 2 ) had 3.2 mm of dendrites and 32 mm of axons, producing a dendritic plexus of 90 mm0mm 2 and an axonal plexus of 896 mm0mm
2 . The third cell at 6.3 mm eccentricity (29 cells0mm 2 ) had 3.4 mm of dendrites and 42 mm of axons, producing a dendritic plexus of 99 mm0mm 2 and an axonal plexus of 1218 mm0mm 2 . From these measurements it can be calculated that, if the PA1 processes were woven as a cloth, the spacing of the warp and weft would be ;20 mm for the dendrites but only ;2 mm for the axons.
PA1 cells contain GABA
Almost all amacrine cells in the mammalian retina contain elevated levels of GABA or glycine (reviewed by Marc, 2003) and all types of axon-bearing amacrine cells that have been tested express GABA, often colocalized with another transmitter such as dopamine, nitric oxide, or a neuropeptide. To determine whether the PA1 cells contain elevated levels of GABA or glycine, retinal wholemounts containing Neurobiotin-injected PA1 cells were immunolabeled using antisera raised against paraformaldehyde conjugates of GABA or glycine (Pow et al., 1995; Wright et al., 1997) . Fig. 8 shows the soma and proximal dendrites of a tracer-coupled PA1 cell from two such preparations. The somata of both cells were located in the inner plexiform layer, so the corresponding images of their respective immunolabeling clearly revealed a GABA-immunoreactive soma within the GABAergic dendritic plexus, but a hole in the corresponding region of the glycinergic dendritic plexus. Similar experiments showed that the long-range amacrine cells, representing the other common type of axonbearing interstitial cell , also expressed GABA immunoreactivity but not glycine immunoreactivity (not illustrated).
Discussion
Morphology and distribution of PA1 amacrine cells
The type 1 polyaxonal amacrine cells labeled in this study are clearly the same cells as those identified in previous studies, although the intracellular injection of Neurobiotin combined with photochromic intensification has now revealed the complete structure of their axonal arbors, which was not apparent either with Golgi-staining or in a previous tracer-coupling study (Famiglietti, 1992a,b; Völgyi et al., 2001 ). Famiglietti (1992b) reported that one Golgi-stained PA1 cell, located at 4.8-mm eccentricity, had well impregnated axonal processes that extended up to 2 mm from the soma and covered an area of 3 mm 2 . By comparison, our quantitative analysis showed that two PA1 cells located at 5-mm eccentricity had a mean axonal-field area of 7.3 mm 2 (Fig. 7) . Moreover, early measures of the density of PA1 cells-based on either Golgi staining of an array of PA1 cells or Nissl staining of interstitial somata-underestimated the true density of PA1 cells, which is shown by homologous tracer coupling to range from Fig. 6 . Medium-power through projection (A) of a Neurobiotin-injected PA1 cell that shows both strong homologous tracer coupling to surrounding PA1 cells (unmarked) and moderate heterologous tracer coupling to an overlapping array of ganglion cells (asterisks); this field in the inferior peripheral retina has a density of 28 PA1 cells0mm 2 . The white box outlines two tracer-coupled somata located in the ganglion cell layer, one belonging to a PA1 cell and the other to a ganglion cell, which can be identified by the thin axon projecting into the nerve fiber layer (B). A high-power through projection of the same field (C) reveals that the tracer-coupled ganglion cell gives rise to three thin primary dendrites (white arrowheads), which can be traced to branch points (black0white arrowheads) and followed for over 50 mm through the inner plexiform layer (black arrowheads). A few small somata located in the ganglion cell layer show weak or very weak labeling (white circles) but there is no such labeling of somata in the inner nuclear layer, where only the strongly coupled PA1 cells are apparent. Scale bar: 100 mm for A, and 50 mm for B & C.
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cells0mm
2 in peripheral retina to 60 cells0mm 2 in the visual streak. When these figures are combined with the new data on axonal-field area, they indicate that the PA1 cells usually show an axonal-field overlap of 200-300, which exceeds the estimate obtained from Golgi-stained preparations by an order of magnitude.
The major consequence of this upward revision in the axonalfield overlap is that the density of the PA1 axonal plexus is much greater than previously believed. We calculate that each square millimeter of retina contains ;1000 mm of axonal processes and, interestingly, this is very similar to the axonal density of both the type 1 nitrergic (ND1) amacrine cells in the rabbit retina (Vaney, 2004) and the PA1 cells in the macaque retina (Dacey, 1989) . In fact, the similarities in the spatial organization of rabbit and macaque PA1 cells are quite striking, notwithstanding some clear differences in the dendritic trees, which are smaller and more highly branched in the macaque retina. Although the density of macaque PA1 cells is somewhat lower than the density of rabbit PA1 cells, averaging 21 cells0mm 2 in peripheral retina, this is compensated for by the larger axonal arbors, which can be traced for up to 2.5 mm from the soma before fading out (Stafford & Dacey, 1997) . If the larger macaque PA1 cells are representative of the population as a whole, these figures would equate to an axonal-field overlap of 400, which is near the upper range calculated for rabbit PA1 cells.
Physiological recordings in both the rabbit and macaque retinas indicate that the PA1 cells respond with a transient depolarization and spikes to On-Off stimuli over a receptive field that is comparable in size to the dendritic field; the large action potentials recorded at the soma are presumably propagated throughout one or more of the axonal arbors, although this has yet to be shown experimentally (Stafford & Dacey, 1997; Völgyi et al., 2001; Völgyi & Bloomfield, 2002 ; see also Cook & Werblin, 1994 ). The demonstration that the axonal field is 20 times larger than the dendritic field for rabbit PA1 cells, and perhaps 100 times larger for macaque PA1 cells, has two important functional consequences. First, localized stimuli may be capable of producing responses that spread very widely, spanning over 20 deg of the visual field in peripheral rabbit retina (Hughes & Vaney, 1981) . Second, and rather paradoxically, stimulation of a single PA1 cell may be rather ineffective at a distance because the cell will contribute less than 1% of the PA1 axonal processes passing through a local area of retina. Large-scale stimuli that activate many PA1 cells are likely to be much more effective, leading to the concept that the PA1 cells-like other axon-bearing amacrine cells-subserve some sort of global adaptational function. However, the precise functions of PA1 amacrine cells remain unknown.
There are ;5,000,000 amacrine cells in the rabbit retina (Vaney, 1990; Strettoi & Masland, 1996) , comprising at least 28 morphologically distinct types of neurons (MacNeil et al., 1999) . Some types of axon-bearing amacrine cells, such as the type 1 catecholaminergic (CA1) cells and the type 1 nitrergic (ND1) cells, account for only one amacrine cell in a thousand (Vaney & Young, 1988) . The density of the PA1 cells appears to be 2-3 times greater than the density of CA1 or ND1 cells at each eccentricity, indicating that the PA1 cells account for 0.2-0.3% of all amacrine cells, giving a total population of 10,000-15,000. MacNeil et al. (1999) identified only two types of wide-field amacrine cells that branched in stratum 3 of the inner plexiform layer. They proposed that their WF3-1 cells (wide-field, stratum 3, type 1) corresponded to ND1 cells and that their WF3-2 cells corresponded to PA1 cells. This latter correspondence is not clearcut because MacNeil's cropped micrograph of a WF3-2 cell shows neither the axonal arbors nor the dendritic terminals, which should display the zig-zag morphology that distinguishes PA1 cells. Moreover, the WF3-1 and WF3-2 cells accounted for 3.1% and 2.3%, respectively, of the amacrine cells that were randomly labeled by the photofilling method, which is an order of magnitude greater than the actual prevalence of ND1 and PA1 cells. It seems likely that the WF3-1 and WF3-2 cells also include three other types of axon-bearing amacrine cells, as well as a diverse range of other wide-field amacrine cells that branch in stratum 3 (see Vaney, 2004) .
Heterologous coupling to retinal ganglion cells
It is well established that the PA1 amacrine cells show strong homologous tracer coupling (Vaney, 1992 (Vaney, , 1994a , although the available evidence indicates that the resulting electrical coupling between the dendrites does not increase the receptive-field size significantly (Stafford & Dacey, 1997; Völgyi et al., 2001 ), similar to the situation for coupled alpha ganglion cells (Mastronarde, 1983; Hu & Bloomfield, 2003) . In addition, Neurobiotin-injected PA1 cells in the macaque retina showed heterologous tracer coupling to two types of amacrine cells and one type of ganglion cell. Similarly in rabbit retina, Völgyi et al. (2001) have reported that the PA1 cells show heterologous tracer coupling to three types of amacrine cells; they also observed weakly labeled ganglion cells but, because the somata were located very close to the injection site, they concluded that the labeling reflected tracer leakage rather than true tracer coupling through gap junctions.
In contrast, this study provides clear evidence that rabbit PA1 cells are heterologously coupled to a regular array of ganglion cells of uniform size and morphology. The identity of the tracer-coupled ganglion cells is unknown but their somal size, cell spacing, dendritic stratification, and proximal branching pattern resemble those of the local-edge detectors, which are small-field ganglion cells that branch in the middle of the inner plexiform layer (Levick, 1967; Amthor et al., 1989; van Wyk et al., 2003) . However, the local-edge detectors show heterologous tracer coupling to two types of amacrine cells whose somata are confined to the inner nuclear layer (van Wyk et al., 2003) , whereas the somata of the PA1 cells are concentrated in the inner plexiform layer. The tracer-coupled ganglion cells in the macaque and rabbit retinas may well be homologous types given that they are similar in many respects.
We did not observe systematic heterologous coupling from the PA1 cells to other types of amacrine cells, save for the sporadic labeling of somata in the inner nuclear layer that could be attributed to either artifactual or inappropriate coupling (Vaney, 1994a) . Although this contrasts with the previous tracer-coupling studies on PA1 cells in both rabbit and macaque retinas, it might reflect the fact that retinal gap junctions are differentially regulated by the level of light adaptation (Mills & Massey, 1995; Bloomfield et al., 1997; Xin & Bloomfield, 1999) . It is possible that heterologous coupling to the ganglion cells is maximal in the light-adapted retina, whereas heterologous coupling to the amacrine cells is maximal in the dark-adapted retina. Even in our preparations, only a minority of the Neurobiotin-injected PA1 cells showed clear heterologous tracer coupling to ganglion cells, but this was not correlated with somal position, retinal eccentricity, or the labeling intensity of the PA1 dendrites.
It has been proposed that the complex patterns of tracer coupling shown by many types of amacrine cells and ganglion cells provide a useful signature of synaptic connectivity (Vaney, 1994a) . In this respect, it is very interesting that the PA1 cells in both rabbit and macaque retinas are the only types of amacrine cell that have been confirmed to show heterologous tracer coupling to ganglion cells, although numerous types of ganglion cell show heterologous tracer coupling to different types of amacrine cells. Xin and Bloomfield (1997) also found one example of another type of wide-field amacrine cell that showed heterologous tracer coupling to seven ganglion cells, but this observation remains to be confirmed with a larger sample.
It is possible that the asymmetric diffusion of tracer between amacrine and ganglion cells represents a chemical rectification of the heterologous gap junctions, as originally proposed for the asymmetric tracer coupling between AII amacrine cells and cone bipolar cells (Vaney, 1996) . However, two recent observations support the hypothesis that the absence of tracer coupling from cone bipolar cells to AII amacrine cells may be an experimental artifact. First, these heterologous gap junctions have a symmetrical junction conductance and thus the asymmetric tracer coupling is not a morphological correlate of electrical rectification (Veruki & Hartveit, 2002) . Second, tracer diffusion from cone bipolar cells to AII amacrine cells can be demonstrated under special conditions, leading to the suggestion that impalement of the small bipolar cells with the injection pipette shuts down the gap junctions (Trexler et al., 2001) . However, it is difficult to imagine how impalement of a large amacrine cell would shut down the heterologous gap junctions made by itself and its homologously coupled neighbors, when the impalement clearly does not affect the strong homologous coupling. It is possible that a detailed comparison of the composition and properties of the heterologous gap junctions made by PA1 cells (which show tracer coupling to ganglion cells) with those made by other types of amacrine cells (which do not show tracer coupling to ganglion cells) will shed valuable light on the question of whether some heterologous gap junctions are indeed functionally asymmetrical.
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